The phosphorus nutrition status of European forests has decreased significantly in recent decades. For a deeper understanding of complementarity and competition in terms of P acquisition in temperate forests, we have analyzed α-diversity, organic layer and mineral soil P, P nutrition status, and different concepts of P use efficiency (PUE) in Fagus sylvatica L. (European beech) and Picea abies (L.) H. Karst. (Norway spruce). Using a subset of the Second National Soil Survey in Germany, we correlated available data on P in the organic layer and soil with α-diversity indices for beech and spruce forests overall and for individual vegetation layers (tree, shrub, herb, and moss layers). Moreover, we investigated α-diversity feedbacks on P nutrition status and PUE of both tree species. The overall diversity of both forest ecosystems was largely positively related to P content in the organic layer and soil, but there were differences among the vegetation layers. Diversity in the tree layer of both forest ecosystems was negatively related to the organic layer and soil P. By contrast, shrub diversity showed no correlation to P, while herb layer diversity was negatively related to P in the organic layer but positively to P in soil. A higher tree layer diversity was slightly related to increased P recycling efficiency (P Plant /P organic layer ) in European beech and P uptake efficiency (P Plant /P soil ) in Norway spruce. The diversity in the herb layer was negatively related to P recycling and uptake efficiency in European beech and slightly related to P uptake efficiency in Norway spruce. In spruce forests, overall and herb species richness led to significantly improved tree nutrition status. Our results confirm significant, non-universal relationships between P and diversity in temperate forests with variations among forest ecosystems, vegetation layers, and P in the organic layer or soil. In particular, tree species diversity may enhance complementarity and hence also P nutrition of dominant forest trees through higher PUE, whereas moss and herb layers seemed to show competitive relationships among each other in nutrient cycling.
Introduction
As phosphorus is an essential nutrient (e.g., [1, 2] ), plants and plant communities must adapt when facing P limitations. Responses of plants to limited P in soils include increases in the root system (biomass, lateral roots, root turnover, and root hairs) and P transporter proteins [3] or in P use efficiency Interestingly, pronounced positive relationships between biomass and P availability have exclusively been detected in species-poor forests [7, 32] . This again indicates that P limitations can be compensated for by high species richness [33] [34] [35] [36] .
In contrast to tropical forests, linkages between biodiversity and soil P in temperate forests have received much less attention, presumably because P is usually not expected to be significantly limited in temperate regions. In these regions, however, P may be present but not necessarily available for plant roots. Under acidic conditions, P is strongly bound to aluminum or iron oxides, and to calcium ions under alkaline soil conditions [2] , resulting in reduced plant growth (e.g., [37] ). P is also unavailable to plants when it forms compounds with organic substances such as phytinic acid. In this case, it may be more easily leached than inorganic P and thus removed from the rhizosphere [1] . Several studies have indicated a rather low P nutrition status and decreasing foliar P concentrations of Fagus sylvatica L. (European beech) [38] and Picea abies (L.) H. Karst. (Norway spruce) which have been attributed to harvesting, increased atmospheric N deposition during recent decades in Europe [39, 40] , P leakage into groundwater and surface water [2] , and P immobilization owing to soil acidification and liming [38, 41] . Thus, there are some arguments that P limitation might be an important and underestimated factor in biodiversity patterns and the PUE of trees in temperate forest ecosystems.
There is also support for this hypothesis from temperate grasslands. High P availability together with a high nitrogen supply leads to a significant decrease in plant diversity in temperate regions [42] [43] [44] ; this is also true irrespective of atmospheric nitrogen deposition and soil acidity [31] . In particular, endangered plant species are known to persist under P-limited conditions, which suggests that P enrichment is one relevant cause of species loss [45] . On the other hand, high plant species richness allows higher P exploitation by plant communities [30, 46] .
Most of these findings in temperate ecosystems come from studies on grasslands (e.g., [30, 31] ). Studies on temperate forests are much less comprehensive and usually focus on single ecosystem components such as litter [47] [48] [49] , or endomycorrhizal (e.g., [50] ) and ectomycorrhizal fungi (e.g., [51] ). A study on overall species composition in German forests indicates a relationship to P in the organic layer and topsoil [52] . Another study from warm temperate Chinese forests taking different vegetation layers into account found a higher tree diversity and a lower herb diversity with increasing P availability [53] . Still, it remains an open question whether these results generally hold for temperate forests and whether there are relationships among P nutrition, the PUE of forest trees, and diversity in different vegetation layers.
Forests 2019, 10, 1156 3 of 22 In this study, we conducted a large-scale analysis based on the second German National Forest Soil Inventory [38, 41] . Our general objective was to reveal basic relationships between α-diversity of two major European forest ecosystems-dominated by either European beech or Norway spruce-with P in the organic layer and mineral soil and with PUE. We studied these relationships to reveal signs for complementarity or competition both for the total vegetation and for individual vegetation layers. Specifically, we hypothesized that (1) overall α-diversity (species richness, Shannon and Simpson indices, and evenness) is negatively related to P in the organic layer and mineral soil, that (2) relationships between α-diversity and P differ among vegetation layers (tree, shrub, herb, and moss layers), and that (3) P nutrition and PUE of European beech and Norway spruce increase with the α-diversity of forest ecosystems.
Materials and Methods

Study Area and Data Sources
Our data analysis was based on the second German National Forest Soil Inventory (NFSI II; [38, 41] ), which was carried out from 2006 to 2008. In comparison to the first inventory (NFSI I, 1987 (NFSI I, -1994 , in which only soil conditions were surveyed, vegetation analysis was included in NFSI II. From the total forest stand pool, which included 235 stands of European beech forests and 342 Norway spruce forests, we chose study plots that met three criteria: (i) cover of ≥70% of either European beech or Norway spruce in the tree layer, (ii) data on plant species assemblages sampled in 20 × 20 m (400 m 2 ) quadrats, and (iii) sampled stands had not been limed. Lime is applied to some forest stands in Germany to counteract soil acidification and associated nutrient immobilization. With our criteria, we aimed to ensure comparability of data and derived biodiversity indices among sites and to exclude a modified P availability in soil due to liming.
In total, 101 forest stands of European beech and 99 of Norway spruce met the selection criteria and were used for further analysis. The stands were located in middle and northern Germany between 54 • 35 16.8" N and 49 • 10 50.6" N (maximum north-south elongation) and between 6 • 14 21.0" E and 14 • 39 28.6" E (maximum west-east elongation). The beech forests were mainly found in Hesse, northwest Thuringia, southern Lower Saxony, and Saarland; the spruce forests prevailed in the mountain ranges of Harz, southeast Thuringia, and Saxony ( Figure 1 ). In beech stands, the tree layer composition is in accordance with natural conditions while spruce stands stock mainly on natural beech sites.
The mean altitude of the beech forest stands was slightly lower than that of the spruce forests ( Table 1) . As precipitation and temperature were not directly measured for each study plot, we interpolated both parameters from climate stations using the geostatistical method of ordinary kriging for precipitation and regression kriging for temperature [54] . The mean annual rainfall range was similar in both forest types, but given the lower altitude of beech forest stands, the mean annual temperature was slightly higher in beech than in spruce forests. The mean pH (CaCl 2 ) of the mineral soil in both forest types was acidic, with lower values in spruce forests than in beech forests. By contrast, the mean soil depth was lower in beech forests compared to spruce forests. Many soil types were present; notably, seven beech forests were located on Rendzic Leptosols, indicating limestone as the parent material (Table 1) . The mean altitude of the beech forest stands was slightly lower than that of the spruce forests ( Table 1) . As precipitation and temperature were not directly measured for each study plot, we interpolated both parameters from climate stations using the geostatistical method of ordinary kriging for precipitation and regression kriging for temperature [54] . The mean annual rainfall range was similar in both forest types, but given the lower altitude of beech forest stands, the mean annual temperature was slightly higher in beech than in spruce forests. The mean pH (CaCl2) of the mineral soil in both forest types was acidic, with lower values in spruce forests than in beech forests. By contrast, the mean soil depth was lower in beech forests compared to spruce forests. Many soil types 
Organic Layer, Mineral Soil, and Foliar Sampling
The NFSI I was carried out according to a common sample plot protocol [55] based on the German manual of soil mapping [56] . Soils in the NFSI I grid plots were sampled at eight satellite points around a central soil profile. These points were located 10 m from the central profile in cardinal and inter-cardinal directions. To avoid disturbances from previous sampling, NFSI II sampling points were shifted by 9 degrees from the NFSI I positions. The central soil profile in each plot was used to determine soil horizons and to classify soil types according to the manual for soil sampling. The entire organic layer (including branches and cones) was collected with metal frames, combined into one mixed sample for the plot, and subsequently partitioned into a fine and a coarse fraction set at a diameter of >20 mm. The mineral soil was sampled at fixed depth increments of 0-5, 5-10, 10-30, 30-60, and 60-90 cm. Fixed volume samples were taken at the eight satellite points and mixed within depth increments, which allowed fine earth stocks and bulk densities to be estimated based on the dry weight of fine and coarse soil fractions. Total P concentrations were measured in aqua regia extracts for the organic layer and for the soil depths 0-5 and 5-10 cm. Details regarding soil sampling and analytical methods can be found in [38, 41, 55, [57] [58] [59] .
Within a 30 m circle around the NFSI II plot, at least three (co)-dominant and healthy European beech and Norway spruce trees were selected for foliar P analysis. Leaves and needles were sampled as entire shoots from the upper third of the sun-exposed crown. Shoots were transferred to plastic or paper bags and stored at <4 • C until examination in the laboratory. After drying, leaves were separated from shoots and samples from the three trees were combined into one composite sample. Samples were prepared (HNO 3 microwave digestion) and P concentrations were measured (using, e.g., ICP, ICP-MS, and AAS) according to the recommended pre-treatment and analysis given in the ICP Forest manual (for more details, see [38, 41, 55, 59, 60] ). The entire NFSI data set used in this study is available online at https://link.springer.com/book/10.1007/978-3-030-15734-0 [61] and at https://www.thuenen.de/de/wo/arbeitsbereiche/waldmonitoring/bodenzustandserhebung/.
Alpha-Diversity Indices
Ground vegetation on NFSI plots was recorded on 400 m 2 plots which were located within a 30 m circle around the permanently marked and geo-referenced NFSI plot center, while avoiding major heterogeneities. Distance and direction of the vegetation sample area to the plot center as well as presence and cover of all visible vascular plant species and bryophytes were recorded.
Biodiversity was assessed for the entire vegetation and for each vegetation layer (i.e., tree layer, shrub layer, herb layer, and moss (bryophyte) layer). Because detailed data on species cover in the moss layer were missing for Hesse and Lower Saxony, diversity indices of the moss layer were calculated for only 33 European beech and 66 Norway spruce study plots. For each sampled forest stand, we calculated the total number of species (species richness S) and the total species cover in percent as the sum across each vegetation layer. Furthermore, species richness and species cover were recorded for each vegetation layer. For α-diversity, we further determined the Shannon diversity index (H s ) and the Gini-Simpson diversity index, which is less sensitive towards species richness than to abundance [62] . Calculation of both diversity indices was based on the cover of each species. The evenness was calculated as Heip's index of evenness (E Heip ). Statistical calculations on diversity indices were carried out using the packages "BiodiversityR", "Rcmdr", and "vegan" within R, version 3.1.2 [63] . The underlying equations implemented in BiodiversityR are given here.
Shannon diversity index:
where H s = Shannon diversity index: the degree of diversity in a finite forest stand S = Number of different species p i = Proportional cover (%) of the ith species n i = Cover (%) of individuals in the ith species Gini-Simpson diversity index: 
where E Heip = Degree of evenness in species cover e = Euler's number: approximately equal to 2.71828 H s = Shannon diversity index: the degree of diversity in a finite forest stand S = The number of different species
Phosphorus Use Efficiency Indices
Forest ecosystems occurring on P-rich and P-poor sites probably make use of different nutrition strategies. Acquiring forest ecosystems are assumed to meet their demand for P from weathering of bedrock or parent material with a high P availability in soil. By contrast, recycling forest ecosystems are forced to recycle P from aboveground plant residues-present in the organic layer-when mineral-bound P in soil is low [8] . An increase in the number of species or functional diversity, enabling access to different P pools at different soil depths, may be one way in which forest ecosystems respond to low P availability in soil. (e.g., [21, 22] ).
The efficiency of plants to access, uptake and use P sources can be expressed by classic PUE indicators based on the biomass produced/P uptake ratio (e.g., [6, 64, 65] ), the ratio of annual litterfall mass to its annual P content [66] , or, e.g., the ratio of nutrient concentrations in senesced and green leaves, which is known as the phosphorus resorption efficiency [67] . However, these indicators do not account for the source of P-the organic layer versus mineral soil-in plant biomass, and thus may mask important mechanisms such as uptake and recycling. Hence, we have modified and extended the set of PUE indices to reflect P uptake, P utilization, and P recycling efficiency.
Phosphorus uptake efficiency is defined as the ratio of the P content in leaves or needles to the P content in mineral soil at soil depths of 0-5 and 5-10 cm.
P uptake e f f iciency = P Foliage P soil
Phosphorus utilization efficiency is defined as the ratio of the constant dry weight (105 • C) of 100 beech leaves or 1000 spruce needles to the P content in leaves or needles.
P utilization e f f iciency = m 100 Leaves/1000 Needles P Foliage
Forests 2019, 10, 1156 7 of 22 P recycling efficiency is defined as the ratio of the P content in leaves or needles to the P content in the organic layer.
P recycling e f f iciency = P Foliage P organic layer (6) where P = Phosphorus content (g P/kg) of European beech leaves and Norway spruce needles, respectively m = Constant dry mass (105 • C) of 100 European beech leaves or 1000 Norway spruce needles
The phosphorus nutrition status corresponds to the P content in leaves or needles of the dominant tree species (i.e., European beech and Norway spruce).
Statistical Analysis
As a first step, we correlated the measures of α-diversity (species richness, Shannon index, Simpson index, and evenness) with P content (g P kg −1 ) and stock (kg P ha −1 ) of the organic layer and of mineral soil at two depths (0-5 cm and 5-10 cm), both for total species and for each vegetation layer of a sampled plot. In a second step, P nutrition status (P foliar concentration) and PUE (P recycling efficiency, P uptake efficiency, and P utilization efficiency) of European beech and Norway spruce served as dependent variables, and α-diversities of the overall vegetation and of each vegetation layer were independent variables.
Following Zuur et al. [68] , the continuous data set was analyzed in terms of homogeneity (Fligner test), normality (Shapiro-Wilk test), outliers, and missing values to meet the preconditions of the correlation analysis. When dependent and independent variables were normally distributed (p ≥ 0.05), we performed Pearson's product moment correlation to reveal the relationship between α-diversity indices and P-related variables; otherwise, we performed the Spearman's rank correlation test. Differences between European beech and Norway spruce forests in terms of α-diversity and P-related variables were tested using the Kruskal-Wallis (KW) test.
Results
P-Related Parameters in European Beech and Norway Spruce Forests
The phosphorus nutrition status of Norway spruce was significantly higher than of European beech (Table 2) . Similarly, P recycling and P uptake efficiency from the 0-5 cm soil depth group showed significantly higher values for Norway spruce than for European beech. By contrast, P utilization efficiency was higher for European beech than for Norway spruce. We found significantly higher values for P uptake efficiency than for P recycling efficiency across forest ecosystems (KW test, p < 0.001) as well as within European beech (p < 0.01) and Norway spruce (KW test, p < 0.05). In addition, P recycling efficiency was always positively related to the P uptake efficiencies of European beech (Spearman's rho = 0.55-0.60, p < 0.001) and Norway spruce (Spearman's rho = 0.42-0.47, p < 0.001). In the organic layer, the mean P contents of beech and spruce forest were similar, but the P stock was more than threefold higher in spruce than in beech forests. In mineral soil (0-10 cm), P contents were again approximately the same in both forest types, but the P stock of beech stands was markedly greater than in spruce forests (195 versus 160 kg P ha −1 ). Consequently, the C/P ratio in mineral soil of European beech forests was significantly lower than in Norway spruce forests ( Table 2) . Phosphorus content in the organic layer and in mineral soil (0-10 cm) were positively correlated in beech forests (0-5 cm soil depth: Spearman's rho = 0.51, p < 0.001; 5-10 cm soil depth: Spearman's rho = 0.52, p < 0.001) and in spruce forests (0-5 cm soil depth: Spearman's rho = 0.68, p < 0.001; 5-10 cm soil depth: Spearman's rho = 0.66, p < 0.001). Furthermore, P content and P stock in the organic layer (beech forests: Spearman's rho = 0.32, p < 0.01; spruce forests: Spearman's rho = 0.40, p < 0.001) and in the topsoil (beech forests: Spearman's rho = 0.74, p < 0.001; spruce forests: Spearman's rho = 0.82, p < 0.001) were positively related in both forest types. 
Plant Diversity of Beech and Spruce Forests
Measures of α-diversity were similar in beech and spruce forests ( Table 3 ). Alpha diversity in the tree and shrub layers of both forest ecosystems was generally low (Shannon index (H S ) ≤ 0.56 and 1 − D ≤ 0.30). Species richness, Shannon index, and Simpson index of the tree layer of beech forests tended to be slightly but not significantly higher than in spruce forests. In contrast, the α-diversity indices of the shrub layer of beech forests were significantly lower than in spruce forests. The species richness, Shannon index, and Simpson index were highest in the herb layers, with slightly higher values in spruce forests than in beech forests. In the moss layer, species richness was significantly higher and evenness significantly lower in spruce forests than in beech forests. For detailed results of different diversity indices separated by total forest stand and individual vegetation layers, see supplementary materials Tables S1-S8. 
Vegetation Layer Forest Type Diversity Indices
N S H s 1−D E Heip Total European beech 101 18 (2-44) 1.05 (0-2.5) 0.44 (0-0.9) 0.21 (0-0.5) Norway spruce 99 17 (1-67) 1.07 (0-4.1) 0.44 (0-1.0) 0.24 (0-1) Tree European beech 101 2 (1-8) 0.31 (0-1.5) 0.18 (0-0.7) 0.75 (0.1-1) Norway spruce 99 2 (1-5) 0.22 (0-1.0) 0.12 (0-0.6) 0.78 (0.1-1) Shrub European beech 79 2 (1-11) 0.28 (0-1.6) 0.15 (0-0.8) 0.85 (0.3-1) Norway spruce 62 3 (1-9) 0.56 (0-1.8) 0.30 (0-0.8) 0.69 (0.1-1) Herb
Relation of α-Diversity with Phosphorus in the Organic Layer and Soil
Our analyses revealed significant but multidirectional relationships between P in the organic layer and mineral soil and α-diversity of forest ecosystems. 
European Beech Forests
Overall species richness was negatively related to P stock in the organic layer but positively to P content in soil depths from 0-10 cm (Figure 2 ). Furthermore, the overall Shannon and Simpson indices were positively linked to P content in the 0-5 cm and 5-10 cm soil depths, respectively ( Table 4 ). The overall evenness was not significantly related to P-related variables ( Table 4 ).
Moss
European beech 33 3 (1-5) 0.77 (0-1.6) 0.45 (0-0.8) 0.99 (0.8-1) Norway spruce 66 5 (1-12) 0.98 (0-2.0) 0.50 (0-0.9) 0.70 (0.2-1)
Relation of α-Diversity with Phosphorus in the Organic Layer and Soil
Our analyses revealed significant but multidirectional relationships between P in the organic layer and mineral soil and α-diversity of forest ecosystems.
European Beech Forests
Overall species richness was negatively related to P stock in the organic layer but positively to P content in soil depths from 0-10 cm (Figure 2 ). Furthermore, the overall Shannon and Simpson indices were positively linked to P content in the 0-5 cm and 5-10 cm soil depths, respectively ( Table  4 ). The overall evenness was not significantly related to P-related variables ( Table 4 ). The tree and herb layers were the only vegetation layers that showed significant correlations of α-diversity with P-related variables in the organic layer and mineral soil. The Shannon and Simpson indices of the tree layer were negatively related to P stock in the organic layer (Table 4) , whereas the species richness of the herb layer had a significant negative correlation with P stock in the organic layer and a positive correlation with P content in the 0-10 cm soil depths. The evenness of the herb layer in European beech forests was negatively related to P content in the 0-10 cm soil depths (Table  4 ). The tree and herb layers were the only vegetation layers that showed significant correlations of α-diversity with P-related variables in the organic layer and mineral soil. The Shannon and Simpson indices of the tree layer were negatively related to P stock in the organic layer (Table 4) , whereas the species richness of the herb layer had a significant negative correlation with P stock in the organic layer and a positive correlation with P content in the 0-10 cm soil depths. The evenness of the herb layer in European beech forests was negatively related to P content in the 0-10 cm soil depths (Table 4 ).
Norway Spruce Forests
The overall species richness of this forest type significantly increased (Figure 3) , and evenness decreased, with higher P content in the organic layer (Table 5 ).
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The overall species richness of this forest type significantly increased (Figure 3) , and evenness decreased, with higher P content in the organic layer (Table 5 ). In contrast to beech forests, α-diversity in the tree layer (species richness and Shannon and Simpson indices) of spruce forests was significantly negatively related to P content in the 0-10 cm soil depths ( Table 5 ). The evenness of the tree layer was negatively related to P content in the 0-5 cm soil depth but positively related to P content in the 5-10 cm soil depth. The diversity of the shrub layer showed no significant correlation to P in the organic layer or soil. The α-diversity of the herb layer showed contrasting relationships. Shannon and Simpson indices correlated negatively with P stock in the organic layer but positively with higher P contents in the 0-10 cm soil depths. In contrast, the species richness was consistently positively correlated with P content in the organic layer and P content in the 0-10 cm soil depths. The evenness of the herb layer decreased significantly with higher P stocks in the organic layer. The moss layer showed mainly positive relationships of diversity indices (species richness and Shannon index) with P stock and P content in the organic layer. The evenness of the moss layer decreased with increasing P stock in the organic layer and increased with higher P content in the 0-5 cm soil depth ( Table 5 ). In contrast to beech forests, α-diversity in the tree layer (species richness and Shannon and Simpson indices) of spruce forests was significantly negatively related to P content in the 0-10 cm soil depths ( Table 5 ). The evenness of the tree layer was negatively related to P content in the 0-5 cm soil depth but positively related to P content in the 5-10 cm soil depth. The diversity of the shrub layer showed no significant correlation to P in the organic layer or soil. The α-diversity of the herb layer showed contrasting relationships. Shannon and Simpson indices correlated negatively with P stock in the organic layer but positively with higher P contents in the 0-10 cm soil depths. In contrast, the species richness was consistently positively correlated with P content in the organic layer and P content in the 0-10 cm soil depths. The evenness of the herb layer decreased significantly with higher P stocks in the organic layer. The moss layer showed mainly positive relationships of diversity indices (species richness and Shannon index) with P stock and P content in the organic layer. The evenness of the moss layer decreased with increasing P stock in the organic layer and increased with higher P content in the 0-5 cm soil depth ( Table 5 ).
P Nutrition Status and PUE in Relation to α-Diversity
The phosphorus nutrition status of European beech was not related to the α-diversity of the overall vegetation, but P recycling efficiency increased significantly with the evenness of the overall vegetation ( Figure 4b ). By contrast, P uptake efficiencies of European beech decreased significantly with higher overall species richness of the forest ecosystem (Figure 4c,d) . In Norway spruce forests, the P nutrition status and P recycling efficiency of Norway spruce increased significantly with overall species richness and evenness (Figure 4f,g) .
A more detailed analysis of the individual vegetation layers revealed a positive relationship (Spearman's rho = 0.18 and 0.17; p = 0.09) between the Shannon and Simpson indices in the tree layer and the P recycling efficiency of European beech ( Table 6 ). The P nutrition status of Norway spruce was significantly negatively related to the species richness and Shannon and Simpson indices of the tree layer, whereas the P uptake efficiency of Norway spruce showed a significant positive relationship to these α-diversity indices.
A higher diversity in the shrub layer was associated with a marginally higher P nutrition of European beech. By contrast, evenness in the shrub layer showed a significant negative correlation with the P utilization efficiency of Norway spruce.
In the herb layer, the P recycling efficiency of European beech was negatively related to the Shannon and Simpson indices. In addition, decreased species richness in the herb layer was associated with higher P uptake efficiency of European beech. In the herb layer of Norway spruce forests, however, a higher species richness had a positive correlation with the P nutrition status of Norway spruce, whereas the Shannon and Simpson indices showed a marginally negative correlation with P uptake efficiency ( Table 6 ).
The Shannon and the Simpson indices of the moss layer in beech forests were negatively related to P uptake efficiency (5-10 cm soil depth). In spruce forests, a higher species richness in the moss layer was associated with a significantly decreased P recycling efficiency but increased P utilization efficiency ( Table 6 ). 
Discussion
While relationships between P in soil and plant diversity have largely been established for (sub)tropical forest systems, this study illustrates that P in the organic layer and soil also matters for plant diversity and tree nutrition in important temperate forest systems, which are dominated either by European beech or Norway spruce. In contrast to a few previous studies on the role of P in temperate forests [48, 69] , we analyzed relationships between P and plant diversity at a larger mesoscale, considered the origin of P in more detail, and revealed feedbacks of plant diversity on the P nutrition status and PUE of dominant tree species.
Phosphorus in Foliage, Organic Layer, and Soil
The mean P nutrition status of European beech (1.16 g P kg −1 ) and Norway spruce (1.31 g P kg −1 ) were in the lower range of data from German forest stands and confirm similar findings for P nutrition status derived from a broader national scale [39, 70] . These results indicate a rather low P nutrition status which probably results from a large-scale undersupply of P for European beech and Norway spruce [41, 70] . Still, P nutrition status in this study covered the full gradient from very low to very high and should thus reveal potential interactions with plant diversity.
Ewald [71] assumed that low P stocks in soil were the reason for low P foliar contents in European beech. However, we did not find any correlation between P content in leaves of European beech and total P content in the organic layer or mineral soil. Similarly, Ilg et al. [39] found no correlations between P content in leaves or needles and total P contents in soil. In Norway spruce, by contrast, total P foliar content increased significantly with total P content in the organic layer (Pearson's correlation r = 0.46, p ≤ 0.001) and mean total P content in 0-10 cm soil depth (Pearson's correlation r = 0.49, p ≤ 0.001). This insight points to a positive relationship between total P and plant-available P in the organic layer and soil of spruce forests. The result is novel as foliar P contents have been found to vary positively with plant-available P rather than with total soil P, as demonstrated for European beech [71] and English oak (Quercus robur L.) [72] .
Atmospheric N deposition and consequently total N stocks in the top mineral soil (0-10 cm) of the NFSI II showed increased values compared to the NFSI I in Germany [61] . However, foliar P was only weakly correlated to N/P ratios in soil and was not correlated to atmospheric N deposition, as verified by the NFSI II dataset [61] , which implies non-collinearity between soil N and P.
Plant Diversity by Vegetation Layer
The forests in our study were relatively poor in tree species, with, on average, only two species in the tree layer of both forest ecosystems (Table 3 ). Mölder et al. [73] investigated 21 beech forests that covered a gradient from pure beech forest stands to mixed forests in Germany and found a mean richness in the tree layer of six species with a range of 1 to 11. The differences in mean species number can be attributed to our database selection criteria and to the greater plot size of 2500 m 2 in the vegetation survey of Mölder et al. [73] . As we included exclusively European beech and Norway spruce forest stands with a minimum cover of the respective tree species of 70%, both species number and the species richness-sensitive Shannon index (0.31 for European beech and 0.22 for Norway spruce forests) were lower than in other studies, such as that carried out by Mölder et al. [73] , who reported a clearly higher Shannon index (about 1.02) along with a broader range (0-1.9) in the tree layer.
In the herb layer, species richness and Shannon index were only indirectly influenced by our selection criteria. Consequently, means and ranges of species richness (mean: 32; range: and Shannon index (mean = 2.45; range: 1.15-3.34) in the herb layer of European beech forests were comparable with those of Mölder et al. [73] . In contrast to the Shannon index, the Simpson index is much less sensitive towards species richness but heavily weights the most abundant species. Consequently, the Simpson index in the tree layer of both forest ecosystems was low in comparison to other studies [74] , which again can be attributed to our selection criteria. For the shrub, herb, and moss layers, there were, to the best of our knowledge, no studies for comparison.
Linkages between Organic Layer and Soil P, Biodiversity, and PUE
Overall, our results on P nutrition status ( Table 2 ) and on biodiversity indices in all vegetation layers (Table 3 ) covered a broad range of values and thus could reveal potential interactions among plant diversity, P in the organic layer and soil, and the PUE of tree species. Our analysis showed that overall diversity and diversity of individual vegetation layers were related in different ways to P in the organic layer and in mineral soil ( Table 5 ). Alpha diversity was shown to be linked to P nutrition status and the PUEs of trees (Table 6) , with P acquisition in the tree layers dominated by positive relationships between plant diversity and PUEs of trees, indicating complementarity effects and negative relationships between plant diversity and PUEs in the herb and moss layers, indicating competition effects (Table 6 ).
In contrast to our expectations, overall species richness was mainly positively related to P content in the organic layer and the upper soil layer of both forest ecosystems. In beech forests, P content in the 0-10 cm soil depths showed significant positive correlations with species richness, whereas in spruce forests, P content in the organic layer was significantly positively related to the overall species richness (Figures 2 and 3 ). Accordingly, overall species richness increased with decreasing C/P ratios in 0-10 cm soil depths (p < 0.003 for European beech forests, p < 0.04 for Norway spruce forests), although P stock in the organic layer was negatively related to the overall species richness in beech forests ( Figure 2) . These findings regarding a positive relationship between overall species richness and P provision contrast with studies of other ecosystems. In Australia, for example, overall species diversity has been observed to increase with a decline in soil nutrients in humid forests [36] , while in eucalypt woodlands a decline in native plant diversity has been attributed to elevated available P [35] . Moreover, European grassland studies have found a negative relationship between species diversity and P in soil [30, 31] .
However, further analyses of different vegetation layers in our study revealed that the response of the overall diversity to P in the organic layer and soil does not necessarily mirror the real nutrient cycles within the ecosystem. As expected, P in the organic layer and soil was significantly related to the diversity in the tree layers. The diversity (i.e., Simpson and Shannon) in the tree layer of European beech forests was significantly negatively correlated to P stock in the organic layer (Table 4) , whereas the diversity of the tree layer in spruce forests significantly decreased with higher P content in 0-10 cm soil depth ( Table 5 ). Given the positive relationships between P content in the organic layer and that in the mineral soil as well as between P content and P stock in the mineral soil (Section 3.1), our results imply that low P contents and stocks in the organic layer and soil promote a more diverse tree layer in temperate beech and spruce forest ecosystems. By contrast, Fu et al. [53] have reported an increasing tree diversity with increasing P availability in warm temperate forests in China. The differences in the response of the diversity in the tree layer between beech and spruce forests to P content in the organic layer and soil presumably result from lower P stocks in the organic layer and significantly higher P contents in the 0-5 cm soil depth (and P stocks in the 0-10 cm soil depths) of beech forests compared to spruce forests (Table 2) . Consequently, plant-available P may be assumed to be lower in the organic layer and higher in the upper soil horizons of European beech forests compared to Norway spruce forests.
Nutrient limitation is hypothesized to promote greater spatial heterogeneity in nutrients along with greater niche dimensionality [11] . This theory suggests the co-existence of a high number of species with complementary traits which results in reduced competition among species and a more efficient use of nutrients [12] [13] [14] [15] . Correspondingly, in our study systems, P recycling efficiency of European beech and P uptake efficiency of Norway spruce increased with diversity of the tree layer (Table 6 ). Further support for this result comes from a local study in Hainich National Park, Germany [69] . Here, P response efficiency of European beech, i.e., the ratio between aboveground net primary production and P in soil, was higher in mixed species stands compared to pure stands. Although diversity in the shrub layer did not relate to P in the organic layer and soil, the P content in European beech leaves tended to increase with the shrub layer diversity (Shannon: rho = 0.21, p < 0.1; Simpson: rho = 0.22, p < 0.1; Table 6 ). Hence, our results suggest that the positive relationship between diversity and the P nutrition status of European beech relates to woody species in general and not only to tree species.
The patterns in the herb layer clearly diverged from those of the tree and shrub layers. Herbaceous diversity seemed to depend on the localization of P in the soil versus the organic layer. Thus, diversity in the herb layer of both forest types was negatively related to P stock in the organic layer but positively to P stock and content in soil (Tables 4 and 5 ). Phosphorus stocks in the organic layer were up to 10-fold lower than in the 0-10 cm soil depths (Table 2) . Thus, we generally expect lower P availability in the organic layer and greater availability of P in the upper soil layer, which may explain divergent responses of diversity in the herb layer, owing to altered niche dimensionality. It may also be hypothesized that low P stocks in the organic layer indicate high P availability. However, although we did not measure plant-available P directly, a negative relationship between litter layer thickness and P stock in the organic layer (Spearman's rho = −0.26, p = 0.0002) in this study points to high P availability at higher P stocks in the organic layer.
Our findings on a positive relationship between diversity in the herb layer and P in soil clearly contrast with other studies on non-woody vegetation, e.g., European grasslands [31] , alpine meadows [43] , upland grasslands [44] , and agricultural ecosystems [42] . These studies have revealed negative relationships between plant diversity and soil P due to the dominance of a few competitors along with increased aboveground biomass production on P-fertile soils which hampers the growth of smaller species that are tolerant of P limitation. Accordingly, Harpole et al. [75] have attributed species loss in grasslands to soil nutrient additions. Positive relationships between diversity of the herb layer and P in soil in our study point to divergent patterns in temperate forests. One explanation may be that high P stocks in soil are not necessarily available to all species in the herb layer. Given the vertical niche differentiation, the P pool in deeper soil layers may not be reached by roots of all herbaceous plants. Those without access are forced to build up a separate P cycle. Rooting depth of herbaceous plants is generally lower compared to woody species [76] . In forest ecosystems, deep-rooting woody plants and shallow-rooting herbs co-exist. In cases where woody and herb roots share the same soil horizons, herbaceous roots may also compete with tree roots for P resources as indicated by the fact that the P recycling efficiency of European beech and the P uptake efficiency of Norway spruce were lower at higher diversities in the herb layer and P uptake efficiencies were correlated with higher evenness in the herb layer (Table 6 ).
Furthermore, herbaceous plants of deciduous forests are largely colonized by arbuscular mycorrhizal fungi [50, 77] , whereas roots of European beech and Norway spruce are exclusively colonized with ectomycorrhiza [78] . In contrast to the latter, arbuscular mycorrhizal fungi are obligate symbionts that depend on the C supply from their hosts [79] because their production of enzymes to hydrolyze nutrients from organic matter is much lower than in ectomycorrhiza [80, 81] . In accordance, Rosling et al. [82] revealed that organic P was more available in soil when trees were colonized with ectomycorrhiza than with arbuscular mycorrhiza. Therefore, herbaceous plants may be less tolerant of limited P and their roots may be outcompeted when tree root density is very high in upper soil horizons. Conversely, the herb layer probably becomes more species rich at P-rich sites (Tables 4 and 5 ). The competition between the herb and tree layers for hydrolyzed organic P provided by tree roots may explain our observed negative relationship between herbaceous species richness and P recycling efficiency of European beech and P uptake efficiency of Norway spruce (Table 6) .
Surprisingly, diversity of the moss layer also correlated with P in the soil of spruce forests ( Table 5 ) and PUE of European beech and Norway spruce ( Table 6 ). We found no significant relationships between P in the organic layer and soil and the diversity in the moss layer of beech forests (Table 4) , which may result from the smaller species number along with lower moss frequency in this layer in beech forests (see Section 2.3). However, α-diversity in the moss layer of Norway spruce forests increased with P stock and P content in the organic layer, i.e., the opposite of the herb layer (Table 5 ).
Similar to grassland communities [83] , divergent behavior of bryophytes and vascular plants to changes in environmental conditions has also been reported in spruce forests [84] . The just-mentioned authors showed that vascular plant species richness decreased with distance from the tree trunk, whereas bryophyte richness increased at higher distances from the tree trunk and at lower pHs of the decay horizon. Our data suggest a space-use pattern of herb and moss layers driven by P in the organic layer of spruce forests. Species richness and cover were positively related to each other in the moss layer (rho = 0.33, p < 0.01) and the herb layer (rho = 0.60, p < 0.001), which points to competition between the two layers.
Total P stock in the organic layer of spruce forests was more than threefold higher than in beech forests ( Table 2) , which was probably owing to lower pH values and lower mean temperatures in spruce forests ( Table 1 ). It is the adverse environmental conditions rather than the recalcitrance of Norway spruce needles that reduces decomposition rates of Norway spruce litter compared to European beech litter [85] [86] [87] . As a consequence, although total P stock in the organic layer of spruce forests is higher, plant-available P released from spruce litter is lower [86] . We suggest that the reduced P supply for herbaceous plants at high P stocks in the organic layer of spruce forests may disrupt the establishment of the herb layer to the benefit of a denser moss layer. In addition, cover and species richness of bryophytes indirectly profit from P limitation in the organic layer and soil because bryophytes take up nutrients predominantly through their entire upper surface [88, 89] . Bryophytes produce secondary compounds such as terpenes that are fungicidal and hinder both the uptake of P and the germination of higher plants [90] . This complex pattern of environmental conditions and bryophyte physiology may explain increased species richness and cover of the moss layer compared to the herb layer at higher P stocks in the organic layer of spruce forests. We observed a decrease in the P recycling efficiency of European beech and the P uptake efficiency of Norway spruce with an increasing diversity in the moss layer, indicating a possible feedback mechanism. The relationship revealed between the PUE of both forest tree species and the diversity in the moss layer probably results from competition between the tree-mycorrhiza association and the moss layer as demonstrated for a jack spruce forest (Picea mariana) in Alaska [91] .
Conclusions
This study has revealed significant relationships between α-diversity and P in the organic layer and soil in two types of central European forest ecosystems. In contrast to other ecosystems, we found mainly positive relationships among overall α-diversity and P in the organic layer and soil. Further analyses revealed that the tree layer alone showed the expected negative correlation between soil P content and biodiversity, which points to complementary P acquisition strategies in this particular vegetation layer as described previously for non-forest vegetation types. Correspondingly, our results on the P use efficiency of European beech and Norway spruce suggest that an increasing number of woody species in forest ecosystems supports the acquisition of P from the organic layer and soil. P recycling efficiency was consistently lower than P uptake efficiency. We thus assume European beech and Norway spruce forest to be acquiring ecosystems owing to a sufficient P supply from mineral soil. In contrast, the findings on the herb and moss layers indicate competition effects with herbs competing belowground with tree roots and mosses competing aboveground with herbs. Consequently, understanding the complexity in species composition and vegetation structure of temperate forests required more detailed analyses compared to grasslands and tropical forests; in the latter, plant diversity is mainly driven by the tree layer. Our results further support the idea that increasing tree species richness in temperate forests will, among many other benefits, counteract increasing P limitations. Our study encourages more in-depth analyses on the underlying mechanisms of the detected diversity-P relationships. In particular, assessing the importance of plant diversity in relation to other environmental parameters in determining PUE in forests is a potential future direction.
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